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Fuzzy logic controlAbstract There has been a rising concern in reducing the energy consumption in building. Heating
ventilation and air condition system is the biggest consumer of energy in building. In this study,
fuzzy logic control of the air conditioning system of building for efﬁcient energy operation and com-
fortable environment is investigated. A theoretical model of the fan coil unit (FCU) and the heat
transfer between air and coolant ﬂuid is derived. The controlled variables are the room temperature
and relative humidity and control consequents are the percentage of chilled and hot water ﬂow rates
at summer and the percentage of hot water and steam injected ﬂow rates at winter. A computer sim-
ulation has been conducted and fuzzy control results are compared with that of conventional
Proportional-Integral-Derivative control. It was found that the proposed control strategy satisﬁes
the space load and at the same time to achieve the comfort zone, as deﬁned by the ASHRAE code.
Meanwhile PID control fails to adjust the room temperature at part-load operations. It has been
demonstrated that fuzzy controller operation is more efﬁcient and consumes less energy than
PID control.
ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The analysis of the performance and operational strategies of
HVAC systems becomes very important for the effective usage
of energy [26]. The studies on the parameters of HVAC sys-
tems as temperature, volume and control strategies in the last
50 years were shown that the high performance of HVAC sys-
tems could be obtained by minimizing energy consumption.
The different approaches to control systems for indoor build-
ing environments can be roughly classiﬁed into the followingcategories: conventional methods, and computational
Intelligence techniques, [1–18]. Soyguder et al. [1] studied the
classical PID control of HVAC system having two zones with
different properties. The parameters of PID were obtained to
minimize the system error in their study; however, the
steady-state error was not totally eliminated. Although these
controllers improved the situation, improper choice of the
gains in the PID controller could make the whole system
unstable. Therefore, designers resorted to optimal [1–5], pre-
dictive, or adaptive control techniques [6–9]. In intelligent con-
trol systems, no mathematical model of the system is required.
Recently, the practical applications of intelligent control for
Heating Ventilation and Air Conditioning (HVAC) systems
have been discussed with the goal being performance improve-
ment over classical control [10–18]. The techniques include
Nomenclature
Bh portion of hot water valve opening, %
Bs portion of steam valve opening, %
Bw portion of chilled water valve opening, %
Cp, Cv speciﬁc heats, kJ/kg K
EH absolute humidity error, gw/kga
ET room temperature error, C
hfg latent heat of water, kJ/kgw
ha air speciﬁc enthalpy, kJ/kg
Kd coefﬁcient of derivative control
Ki coefﬁcient of Integral control
Kp coefﬁcient of proportional control
m mass ﬂow rate, kg/s
mWR water mass ﬂow rate ratio, kg/s
Mar air mass ﬂow rate ratio, kg/s
OS outside air ratio
Q coil cooling capacity, kW
QR room cooling load, kW
RLH room latent heat, kW
RSH room sensible heat, kW
T temperature, K
t temperature, C
tdb air dry-bulb temperature, C
twb air wet-bulb temperature, C
Wa humidity ratio, kg vapor/kg dry air
qa density of air, kg/m
3
qw density of water, kg/m
3
s time, s
396 A.-H. Attia et al.expert systems, neural networks, fuzzy logic, and genetic
algorithm.
A cooling and dehumidifying coil is an essential component
of an air-conditioning system. Coil air bypass and chilled
water ﬂow control are common means for controlling space
temperature in air-conditioning systems during part load oper-
ation. Many studies have been reported in the literature for the
model of cooling coil [19–27]. Meanwhile, very little work is
published regarding the performance of chilled water-cooling
coils at part-load operations. In this case, the cooling coils suf-
fer from signiﬁcant ﬂuctuations in their performance with large
decrease in coil effectiveness.
The objective of this work was to synthesize a fuzzy-logic
controller for the air conditioning system in residential build-
ings to control both the room temperature and humidity ratio.
The performance of the proposed control is compared to that
of a PID control during full and part load operations in both
summer and winter.
2. System model
The Arab Academy Student Housing is considered as a case
study for building management system. It is in Alexandria,
Egypt at Latitude of 31.2. This building consists of ﬁve ﬂoorsFigure 1 The ﬁve similar ﬂoors of academy building.(zones) each ﬂoor has eighteen rooms, three paths and one hall
as shown in Fig. 1. This building is similar to hotels, resorts,
and banks. These buildings have zones with different setting
points and sensible and heating loads. Central air-conditioning
system consists of:
1. Two chillers, each has 100 ton refrigeration capacity with
cooling tower to supply the cooled water to the cooling
coils.
2. Boiler to supply the hot water to heating coils and to supply
steam to the steam humidiﬁer.
3. In each ﬂoor, there are 18 fan-coil units (FCU), one for
each room.
The fan-coil unit compact option simulates a four-pipe fan
coil unit with hot-water heating-coil, chilled-water cooling-
coil, and an outside-air mixer. The fan-coil units are zone
equipment units which are assembled from other compo-
nents. Fan coils contain an outdoor air mixer, a fan, a sim-
ple heating-coil and a cooling-coil. The fan-coil unit is
connected to a hot-water loop (demand side) through its
hot-water coil and to a chilled-water loop (demand side)
through its cooling-coil. The unit is controlled to meet the
zone heating or cooling demand as shown in Fig. 2.
4. In the addition of the FCU, there is a steam humidiﬁer in
each room to control the humidity ratio in winter.
2.1. Room heat balance
Rate of change of room temperature is equal to the tempera-
ture change due to the heat extracted from the space and the
rate of change of temperature due to room sensible heat.
M  Cv  dTr=ds ¼ RSHma  Cp  ðTr  TsÞ ð1Þ
Similarly the rate of change of moisture in the room is equal
to the moisture removed from the room and the room mois-
ture load.
M  hfg  dwr=dds ¼ RLHma  hfg  ðwr  wsÞ ð2Þ
where M= qÆV, Ts and ws are the supply air temperature and
humidity ratio, respectively.
Figure 2 Schematic of control FCU with control signal.
Figure 3a Summer membership functions for both temperature
and humidity error.
Figure 3b Summer membership functions for Bw.
Figure 3c Summer membership functions for Bh.
Figure 3d Winter membership functions for ET.
Figure 3e Winter membership functions for EH.
Figure 3f Winter membership functions for Bh.
Figure 3g Winter membership functions for Bs.
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conditions as a function of time. The following relation is used
to relate humidity ratio w, temperature T and enthalpy ha
ha ¼ 1:006Tþ wð2501þ 1:805TÞ ð3Þ
Consider OS as the outside air ratio, the mixed air humidity
ratio wm, enthalpy hm and temperature Tm are calculated using
the following equations.
Figure 4a Chilled-water ﬂow percentage variation at design
conditions in summer.
Figure 4b Hot-water ﬂow percentage variation at design condi-
tions in summer.
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hm ¼ hað1OSÞ þ hos OS ð5ÞFigure 5a Summer room humidity var
Figure 5b Summer room temperature v2.2. Cooling-coil analysis
The analysis of ﬁnned tube heat exchanger is conducted pro-
vided that the variation of the ﬁlm heat transfer coefﬁcient
on the air side of the coil is expressed as a function of the
air Reynolds number. The coil is to be divided into loops.
Each loop could be one column or multi-columns, with the
tubes of each loop connected to each other. For such coil
arrangement, the hot air and the chilled water temperatures
will vary through the row and over the rows of the loop.
Moist air is treated to ﬂow either in cross-counter ﬂow with
chilled water or in cross-parallel ﬂow arrangement. At steady
state conditions, a heat and mass balance on the control vol-
ume of an elementary area leads to the governing equations
for the cooling coil [28].
2.3. Heating-coil analysis
The analysis of the heating-coil is the same of the cooling-coil
except the cooling-coil is used to remove both sensible and
latent heat (reduces the temperature and reduces the absolute
humidity together), while heating-coil is used to adjust the sen-
sible heat only (increases the temperature only, while the abso-
lute humidity is remaining constant). The process of
humidiﬁcation can be simpliﬁed by adding steam directly into
the air. This method is an isothermal process because the tem-
perature of the air remains almost constant as the moisture is
added. For this type of humidiﬁcation system, the steam
source is usually a central steam boiler at low pressure.
When steam is supplied from a source at a constant supply
pressure, humidiﬁcation responds quickly to system demand.iation at 50% RSH and 50% RLH.
ariation at 50% RSH and 50% RL.
Figure 5c Summer chilled-water ﬂow percentage variation at 50% RSH and 50% RLH.
Figure 5d Summer hot-water ﬂow percentage variation at 50% RSH and 50% RLH.
Figure 6 Room temperature variation at different loads in
summer.
Figure 7 Room humidity variation at different loads in summer.
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response to a humidity sensor/controller. Steam can be intro-
duced into the airstream through one of the following devices.
Steam is injected to heated air at winter to maintain space rel-
ative humidity within desired values [28].
3. Fuzzy logic control
The fan-coil unit is used to maintain the room temperature
error (ET) and room humidity error (EH) at zero.
where ET ¼ T Tr
EH ¼ HHrTr; room temperature (sensor temperature)
Hr; room humidity (sensor relative humidity)
T; set point temperature
H; set point relative humidity
During summer season, the control inputs are (ET) and
(EH) while the outputs will be a portion of chilled-water mod-
ulating valve opening (Bw) to eliminate the humidity error
(EH) and a portion of hot-water modulating valve opening
(Bh) to eliminate the temperature error (ET).
Figure 8 Cooling capacity variation at different loads in
summer.
Figure 9 Heating capacity variation at different loads in
summer.
Figure 10a Hot-water ﬂow percentage variation at winter full
load.
Figure 10b Steam-ﬂow percentage variation at winter full load.
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while the outputs at winter will be a portion of hot-water mod-
ulating valve opening (Bh) to eliminate the temperature error
(ET), and a portion of steam injection valve opening (Bs) to
eliminate the humidity error (EH).
Mamdani model is used in this study to model fuzzy match-
ing, inference, combination and defuzziﬁcation. Because of the
high nonlinearity in the system, adjusting the output fuzzy-
membership functions of Mamdani model gave better results
than adjusting the output crisp-membership functions of
Sugeno model. Upon trying different types of membership
functions, it was found that the triangle membership function
(trimf) is the best because it results in the minimum error and
the best response. The membership functions of the inputs and
outputs are shown in Fig. 3. For the temperature error (ET)
and the humidity error (EH), the letters N, Z, and P stand
for negative, zero and positive, respectively, while S, M, L
stand for small, medium, and large, respectively. The universe
of discourse of Bw, Bh, and Bs is partitioned to indicate the
percentage value of the valve opening. The names of member-
ship functions are assigned only for identiﬁcation. 55 rules are
developed for summer season fuzzy system and 20 rules are
applied for winter fuzzy system.
4. Results
4.1. Summer results
Numerical simulations were conducted by using MATLAB
and for both fuzzy and PID control with desired conditions
of 24 C and 50% relative humidity (absolute humidity is
9.3 gw/kga). The coefﬁcients of PID control are determined
by using Ziegler Nichols method. The summer PID control
coefﬁcients (Kp, Ki, and Kd) are 3.8, 0.02, and 13 respectively
for Bw control, and 14, 0.00028, and 0.28 respectively for Bh
control. For summer PID control, both the cooling and the
dehumidifying coils reduce the temperature and humidity of
the air. Since the reduction in temperature is usually bigger
than the reduction in humidity so it is required to use preheat-
ing process. The inputs to controller are (ET) and (EH) while
the outputs are Bw and Bh. The ﬁrst PID action Bw in the
cooling-coil to accomplish the humidity demand, while the
PID action Bh will be active if the room temperature is smaller
than the demand temperature (positive error temperature).
During summer both the outside temperature and humidity
are higher than the desired values. First, the chilled-water ﬂow
increases to adjust space relative humidity which will always
result in a decrease in the space temperature below the set
value. Finally, an increase in hot water ﬂow rate is required
to adjust space temperature.
4.1.1. Summer results at full load
Both fuzzy and PID control can keep the room temperature
and humidity within the desired values after a transient period
of 800 s for temperature and 1600 s for relative humidity (for
both fuzzy and PID controls). The steady-state errors in tem-
perature and humidity produced by the fuzzy control are equal
to 0.097 C and 0.0917 g/kg, respectively. Meanwhile, the
corresponding errors resulted from PID control are 0.103 C
and 0.038 g/kg for temperature and humidity, respectively.
Fig. 4(a) and (b) shows the responses of the two control
Figure 11a Room humidity variation at winter 50% of sensible load.
Figure 11b Room temperature variation at winter 50% of sensible load.
Figure 11c Hot-water ﬂow percentage variation at winter 50% of sensible load.
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ﬂow-rate of hot-water passing through the cooling and heating
coils, respectively. The chilled-water ﬂow rate for PID is 100%
for 1200 s and then it is dropped to 94.85% and it remains con-
stant at this value. Fuzzy control starts with fully open valve
for 850 s then it is controlled to 92.68%. This causes the
humidity error in fuzzy control is slightly more than that in
PID control. The heating process is required in order to
achieve the desired value of temperature. Thus the hot-water
ﬂow-rate percentage of PID control is 10.22% which is bigger
than that of Fuzzy control (8.14%). It should be noted that thecontrol outputs of PID control for both chilled-water and hot-
water are larger than the value of fuzzy control.
4.1.2. Effect of room latent and sensible heat decrease on system
performance
Fig. 5(a)–(d) shows system performance for 50% of desired
sensible and desired latent heat. Fuzzy control system adjusts
its action to get the minimum error in both temperature and
humidity. The ﬁnal value of temperature is 1.52 C below the
desired value while the ﬁnal value of humidity is 0.22 g/kg
above the desired value. The PID control system results in ﬁnal
Figure 11d Steam-ﬂow percentage variation at winter 50% of sensible load.
402 A.-H. Attia et al.temperature of 3.42 C below the desired value and humidity
error equal to 0.0615 g/kg.
Figs. 6–9 show the summary of the steady-state values of
room temperature and humidity, as well as cooling and heat-
ing capacities during summer with various sensible and latent
loads. It can be noticed that the fuzzy system controls the
room temperature to the desired value (24 C) better than
the PID control. The temperature error decreases with increase
of sensible load and with the decrease of latent load. The ﬁnal
error of room humidity is shown in Fig. 10. The PID control
system results in absolute humidity near to the desired value
(9.3 g/kg). Meanwhile the Fuzzy control renders higher error
than PID. The error decreases with the increase of sensible
load and the decrease of latent load. Fig. 8 shows the cooling
capacity increases with the increase of both sensible and latent
load. The heating capacity increases with the increase of latent
load and the decrease of sensible load as illustrated in Fig. 9.
The heating capacity demanded by fuzzy control is higher than
that for the PID control which reﬂects the small temperature
error achieved by fuzzy system.
4.2. Winter PID control
Room desired conditions are 23 C and 50% relative humidity
(8.7 gw/kga absolute humidity) in winter. The coefﬁcients of
PID control are determined by using Ziegler Nichols method.
The winter PID control coefﬁcients (Kp, Ki, and Kd) are 14,
0.00028, and 0.28 respectively for Bh control, and 8.6,
0.0008, and 13 respectively for Bs control. The heating-coilFigure 12 Heating capacity and temperatureduces the temperature of the air only, while the steam humid-
iﬁer reduces the humidity of the air. The inputs to controller
are (ET) and (EH) while the outputs are Bh and Bs. The ﬁrst
PID action Bh in the heating-coil is to accomplish the temper-
ature demand, while the PID action Bs will be in the steam
humidiﬁer to accomplish the demand humidity.
4.2.1. Winter results at full load
Both fuzzy and PID control can keep the room temperature and
relative humidity within the desired values. The fuzzy control
produces steady-state temperature error of 0.014 Cand humid-
ity error of 0.09 g/kg. The system with a PID control has a ﬁnal
value of temperature of 0.04 Cabove the desired valuewhile the
humidity has a ﬁnal value of 0.09 g/kg below the desired value.
The relative humidity settling time is 2000 s for PID and 3600 s
for fuzzy control. The settling time of temperature response is
1000 s for both controllers. Fig. 10a and 10b demonstrates the
percentage of hot-water and steam passing through the heat-
ing-coil and steam humidiﬁer, respectively. It is noted that there
is no difference between fuzzy and PID control system in the
hot-water ﬂow-rate percentage. As for the steam ﬂow rate, the
fuzzy percentage is bigger than the PID percentage by 4%where
the steady state PID percentage is 79%.
4.2.2. Effect of room sensible heat decrease on system
performance
Fig. 11(a)–(d) shows system performance for 50% of desired
sensible heat. The reduction in the sensible heat with no change
in the latent load reduces both the steady state error and there variation at different loads in winter.
Fuzzy logic control of air-conditioning system 403settling time of the room temperature response. The fuzzy con-
trol system gets the ﬁnal value of temperature of 1.19 C above
the desired value after 300 s while in PID control the temper-
ature of the system is at 1.09 C above the desired value after
300 s. While the humidity performance does not change
because there is no change in the latent heat
Fig. 11c and 11d shows the two control actions percentage
of hot water and steam passing through the heating coil and
steam humidiﬁer, respectively. Due to the reduction of sensible
heat, the percentage of hot water passing throw the heating
coil is reduced to 24% for both fuzzy and PID control system.
Fig. 12 shows the steady-state value of the room tempera-
ture and the heating capacity in winter for different sensible
loads. The heating capacity increases with the increase of sen-
sible load which minimizes the temperature error (desired
value is 23 C). It is noted that there is a small difference
between fuzzy and PID control systems.
5. Conclusions
A fuzzy logic controller has been synthesized to control the
temperature and humidity ratio for each room. The controlled
variables are the room temperature and relative humidity and
control consequents are the percentage of chilled and hot
water ﬂow rates at summer and the percentage of hot water
and steam injected ﬂow rates at winter. A computer simulation
has been established for the Arab Academy Student Housing
and the fuzzy control results are compared with that of con-
ventional Proportional-Integral-Derivative control. It was
found that fuzzy controller is capable of keeping the room
temperature and relative humidity at the desired value irre-
spective of the changes in both the sensible and latent loads.
Meanwhile PID control fails to adjust the room temperature
at part-load operations. It was also noticed that the chilled-wa-
ter cooling coil ﬂow rate exhibits an unsatisfactory oscillatory
response at part-load operations with PID control. It has been
demonstrated that fuzzy controller operation is more efﬁcient.
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